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High-ordered three-dimensional (3D) multilayered Bi4O5Br2 nanoshells have been fabricated successfully via a green ultrasound-assisted anion 
exchange reaction followed by a calcination treatment approach. The products are characterized by X-ray diffraction (XRD), field-emission 
scanning electron microscopy (FESEM), transmission electron microscopy (TEM), high resolution transmission electron microscopy (HRTEM), 
UV-vis diffuse reflectance spectrum (DRS) and N2 adsorption/desorption isotherms. The results reveal that ternary Bi4O5Br2 nanoshells possess a 
pure monoclinic phase with the average thickness of ca. 12 nm, and the walls are of 10-12 layers constructed by nanograins with 10 nm in size. The 
specific surface is measured to be 36.18 m2·g-1 and the band gap energy Eg value is calculated to be 2.52 eV. The possible formation process for 
Bi4O5Br2 nanoshells is simply proposed. According to the photocatalytic degradation for resorcinol under visible light irradiation, the as-prepared 
Bi4O5Br2 nanoshells exhibit excellent photocatalytic performance, which is not only far beyond the degradation rate of BiOBr precursor nanosheets, 
but also superior to that of other reported Bi4O5Br2 architectures, suggesting a practical application for the treatment of organic pollutants. 
 
1. Introduction: Nowadays, the increasing demand of energy 
consumption and the increasing hazard of environmental pollution has 
significantly affected the health of human beings and hindered the 
harmonious development of modern society [1-3]. Over decades, the 
semiconductor-based photocatalysis technology has been considered 
as a friendly and efficient methodology of environmental remediation 
and solar fuel conversion [4-7]. As is well known, the semiconductor 
photocatalysis processes undergo three steps as follows: i, charge 
electron-hole pairs (e-/h+) are generated inside the semiconductor over 
ultraviolet-visible light irradiation; ii, photo-induced carriers (e-/h+) 
could transport from the inside of the material to the surface; iii, 
photo-generated carriers (e-/h+) may capture the species adsorbed on 
the surface of the material to cause oxygen/reduction reaction [8-10]. 
Compared with the bulk, the ultrathin layered semiconductor 
nanoarchitectures may lead to more exposed interior atoms and induce 
the formation of various defects, contributing to harvest more solar 
light and fast transport photo-generation carriers from the inside to the 
surface, which may significantly increase the photocatalytic activities 
[11-14]. 
In recent years, ternary bismuth oxybromide families (BixOyBrz) 
have demonstrated excellent photocatalytic application in the field of 
energy generation and environmental remediation because of unique 
layered structure, suitable indirect band gap and visible light 
responsive ability [15-17]. Furthermore, the increasing Bi content in 
bismuth oxybromide can upshift the conduction band (CB) and 
valence band (VB) edge, which is beneficial in reducing the band gap 
energy (Eg) as well as enhancing the visible-light absorption [14]. 
Among the high-ordered Bi-rich bismuth oxybromide, Bi4O5Br2 
photocatalyst has attracted particular research interests in the 
preparation and practical application for the photocatalytic 
degradation of organic pollutants until very recently. For instance, Li 
and coworkers synthesized ultrathin Bi4O5Br2 nanosheets by an ionic 
liquids-assisted solvothermal method for the degradation of 
antibacterial agent ciprofloxacin [14]. Nan et al. fabricated Bi4O5Br2 
ultrathin nanoflakes by an energy-saving microwave route for 
selective catalytic oxidation of an industrial organic reaction 
intermediate benzylalcohol [18]. Yang’s group constructed Bi4O5Br2 
with different morphologies of nanosheets, microspheres and hollow 
spheres via an ionic liquid-in-water microemulsion procedure for the 
removal of fungicide o-phenylphenol and antibacterial agent 
norfloxacin and tetracycline hydrochloride under visible light 
irradiation [19]. Beyond above, a few types Bi4O5Br2 nanoparticles 
were also produced for the practical application in the photo-
degradation of organic contaminants by various of physicochemical 
methodologies such as a hydrothermal method, a structure 
reorganization route, a hydrolysis process and an ionic liquid-assisted 
strategy and so on [20-24]. However, to the best of our knowledge, 
few publications on the preparation of ultrathin layered Bi4O5Br2 
nanoshells have been reported in the literature.  
Herein, 3D ultrathin layered Bi4O5Br2 nanoshells with mesoporous 
structure have been constructed via a green ultrasound-assisted anion 
exchange reaction combining an annealing process for the first time. 
The structure and morphology of product have been characterized in 
detail. A possible growth mechanism for Bi4O5Br2 nanoshells is 
illustrated briefly. Moreover, excellent photocatalytic performance in 
the degradation of colorless refractory contaminant resorcinol (RC) 
over as-prepared sample has also been investigated under visible light 
irradiation. 
 
2. Experiment: Analytical grade of chemicals were purchased from 
the Sinopharm Chemical Reagent Company and used as received 
without any further purification. In the typical procedure, 0.4 mmol 
Bi(NO3)3·5H2O was mixed with 10 mL distilled water in a 100 mL 
autoclavable bottle and stirred at room temperature. Next, 20 mL 
cetyltrimethylammonium bromide (CTAB, 0.55 mmol) aqueous 
solution and 30 mL thiourea (CS(NH2)2, TU, 10 mmol) aqueous 
solution were added under stirring continuously. Then the bottle was 
sealed with attached screw cap and transferred into a sonication bath 
with the temperature of water bath at 80˚C (KQ-50, 50W). After the 
ultrasound radiation performing for 30 min and the reaction was 
cooled naturally to the room temperature, the precipitation was 
centrifuged and washed with distilled water and absolute ethanol in 
turn, and then dispersed in ethanol by sonication for 20 min. 
Subsequently, the suspensoid was drop-coated on a 1×1 cm Si matrix, 
dried naturally and annealed in air at 480 °C for 2 hour with a rising 
rate of 3.0 °C·min-1, then the ternary Bi-rich Bi4O5Br2 nanoshells 
were obtained finally. 
The phase purity of the as-synthesized products was examined by 
X-ray diffraction (XRD) using a Bruker D8-advance X-ray 
diffractometer equipped with Cu Kα radiation (λ = 1.5406 Å). Field-
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emission scanning electron microscope (FESEM) images of the 
sample were taken on a field-emission microscope (FESEM, JEOL 
JSM-6700F, 15kV). The transmission electron microscope (TEM) and 
high-resolution transmission electron microscope (HRTEM) images 
of the samples were performed on a JEOL-2010 transmission electron 
microscope with an accelerating voltage of 200 kV. N2 
adsorption/desorption isotherms were measured on an automatic 
surface area and pore analyzer (Tristar II 3020 M). UV-vis diffuse 
reflectance spectrum (DRS) was recorded on an ultraviolet visible 
spectrophotometer (Solidspec-3700 DUV). 
The evaluation of photocatalytic activity for the as-prepared samples 
was conducted via photocatalytic degradation of colourless organic 
pollutant resorcinol (C6H6O2, RC)  aqueous solution under visible 
light irradiation at the room temperature. A 300 W Xe arc lamp (CEL-
HFX300, Beijing China Education Au-light Co., Ltd) was used as the 
light source and equipped with an ultraviolet cutoff filter to provide 
visible light (λ ≥  400 nm). The experiment was performed with 
photocatalyst (50 mg) suspended in RC aqueous solutions (50 mL, 10 
mg·L-1) with constant stirring. The suspension was stirred in the dark 
for 60 min to ensure the adsorption/desorption equilibrium. At the 
given time intervals, about 4 mL of the suspension was taken for the 
following analysis after centrifugation. The concentration of RC left 
in the solution was determined by a UV-Vis spectrophotometer 
(PerkinElmer Lambda 950). 
 
3. Results and discussion: Fig. 1 displays the typical XRD pattern of 
the as-resulting product. Quantitative analysis agrees that all 
diffraction peaks in the diagram is in good agreement with the 
standard data from JCPDS card no. 37-0699 and is assigned to the 
pure monoclinic phase Bi4O5Br2 with the P21 space group. The 
emergence of other impurity phase is not observed. Further, the 
corresponding crystallite sizes are small based on the obvious 
broadened reﬂection peaks. The XRD pattern indicates that the single 
phase Bi4O5Br2 photocatalyst has been prepared successfully. 
 
Fig. 1 XRD pattern of as-resulting Bi4O5Br2 sample. 
 
As given in Fig. 2a, a panoramic FESEM image illustrates that the 
as-prepared nanoshells appear the 3D quasi hollow structures with the 
opening diameters ranging from 500 to 800 nm, apart from few 
irregular nanosheets (indicated by arrows). Some half-spherical 
architectures (indicated by dotted green circles) show graceful hollow 
nature. The microstructure of the Bi4O5Br2 was further investigated by 
TEM. As seen in Fig. 2b, a clear contrast between the deeply dark 
edges and the pale center can be observed, evidently confirming the 
hollow nanostructure. From the high-magnification TEM image (inset 
of Fig. 2b), one can see that the walls of an enlarged nanoshell are 
composed of small nanocrystals with size of about 10 nm, and there 
are plentiful intercrystal mesopores scattered satellite distribution on 
the surface. Furthermore, from the side-view high resolution TEM 
 
a                                         
   
b                      c                       d 
 
 
e 
 
                        f 
Fig. 2 Characterization of as-prepared sample.  
a   FESEM image of shell-like Bi4O5Br2 nanostructures 
b  TEM image of shell-like Bi4O5Br2 nanostructures 
c Side-view HRTEM image of an individual Bi4O5Br2 nanoshell 
d Top-view HRTEM image of an individual Bi4O5Br2 nanoshell 
e N2 adsorption/desorption isotherms of Bi4O5Br2 nanoshells and the 
pore size distribution (inset) 
f UV-vis diffuse reflectance spectrum (DRS) of Bi4O5Br2 nanoshells 
and the estimated Eg value (inset) 
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(HRTEM) image (Fig. 2c), it can be calculated that the average 
thickness of shell is ca. 11 nm, which is of about 10-12 lattice layers 
owning of inorganic fullerene-like feature. Besides, according to the 
top-view HRTEM image (Fig. 2d), the regular lattice fringe spacing of 
0.276 nm corresponds to interlayer spacing of the (120) atomic planes 
of monoclinic Bi4O5Br2 [14]. 
The nitrogen adsorption/desorption isotherms and corresponding 
pore size distribution curve of the as-obtained 3D Bi4O5Br2 nanoshells 
are displayed in Fig. 2e. The N2 isotherms exhibits type IV of the 
Brunauer-Deming-Deming-Teller (BDDT) classification with a type 
H3 hysteresis loop, indicating the existence of mesopores. The BET 
specific surface area of the sample is measured to be 36.2 m2/g. The 
inset of pore-size-distribution curve in Fig. 2e shows inhomogeneous 
mesoporous structure and the multiple pore sizes are estimated to be 
2.6 and 5.6 nm in diameter, respectively.  
Fig. 2f gives the optical absorption property of the as-synthesized 
3D Bi4O5Br2 nanoshells, which indicates that the pure Bi4O5Br2 has 
an absorption onset at 450 nm, responding well under visible light. As 
a crystalline semiconductor, the optical absorption near the band edge 
follows the formula αhν = A(hν-Eg)
n/2 as determined by Kubelka-
Munk theory [25], where α, ν, A, and Eg are the absorption coefficient, 
light frequency, a constant, and band gap energy, respectively. Thus, 
the Eg of Bi4O5Br2 nanoshells can be calculated from the plot of 
(αhν)1/2 versus (hν). The intercept of the tangent to the x-axis gives a 
good approximation of the Eg for Bi4O5Br2 nanoshells (inset of Fig. 
2f). The estimated Eg value is calculated to be 2.52 eV, which is 
among the reported results of 2.33~2.54 eV [14, 18, 26]. 
In our work, two processes including an ultrasonic-assisted anion-
exchange reaction and subsequent an in situ oxidization reorgani-
zation process are applied to yield the Bi4O5Br2 nanoarchitectures 
with ultrathin layered and mesoporous structure. In the present 
system, Bi(NO3)3 reacts with water molecule to form slightly soluble 
BiONO3 sol via an ultrasonic heating firstly [27] [Eq. (1)]. Then, TU, 
acted as a good complexing reagent, can coordinate with dissociative 
Bi3+ to form Bi(TU)n
3+ complexes in order to effectively control the 
release of Bi3+ ions in the solution [28]. While CTAB is introduced in 
the reaction mixture, due to the rather lower solubility of BiOBr (Ksp 
3.0×10-7) relative to BiONO3 (Ksp 2.8×10
-3), BiONO3 can transform 
into BiOBr precipitate based on the anion exchange process [Eq. (2)]. 
In this procedure, abundant surfactant CTA+ ions can be adsorbed on 
the O-terminated (001) surface of BiOBr due to the electrostatic 
interaction, so the growth of c-axis orientation is inhibited so that the 
two-dimensional (2D) ultrathin BiOBr precursor nanosheets adsorbing 
CTAB molecules could be formed [17]. Subsequently, while the 2D 
ultrathin BiOBr precursor nanosheets are annealed in air atmosphere, 
due to the curling of 2D nanosheet into 3D nanoshell under the heat 
treatment accompanied by an in situ oxidization reorganization 
reaction, that is, oxidization causes the crystal structure rearrangement 
meanwhile heating causes the curling up, the pure 3D ultrathin 
multilayered and mesoporous Bi4O5Br2 nanoshells are finally 
fabricated [Eq. (3)]. Thus the whole possible schematic diagram can 
be illustrated in Fig. 3, which is considered to be the sonohydrolysis 
anion exchange process and following it with the in situ oxidization 
reorganization process. The major chemical reaction is described as 
follows: 
 
 Bi3+ +NO3
- + H2O ↔ BiONO3 ↓+ 2H
+                          (1) 
 
BiONO3 + Br
- → BiOBr + NO3
-                                     (2) 
 
 8BiOBr + O2 → 2Bi4O5Br2 + 2Br2↑                              (3) 
 
 
Fig.3 Schematic illustration of the growth process of ultrathin layered 
and hollow Bi4O5Br2 nanoshells. 
 
 
 
a                                             b 
 
c                                        d 
 
e 
Fig. 4  The test of photocatalytic degradation activities. 
a Temporal UV-vis absorption spectral changes of RC over Bi4O5Br2 
nanoshells under visible lighting 
b Temporal UV-vis absorption spectral changes of RC over circular 
sheet-like BiOBr precursor under visible lighting 
c The photocatalytic degradation efficiency of RC with the presence 
of Bi4O5Br2 nanoshells and BiOBr nanosheets 
d Cycling tests for the photocatalytic degradation rate of RC over 
Bi4O5Br2 nanoshells  
e The suggested photocatalytic degradation mechanism of RC over 
Bi4O5Br2 nanoshells 
 
Resorcinol (RC) is a typical colorless and refractory contaminant, of 
which molecular structure is depicted in Fig. 4e. In this system, the 
photocatalytic degradation experiments were conducted using RC as a 
molecular probe under visible light irradiation. As given in Fig. 4a, the 
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characteristic absorbance of RC at 273 nm declines obviously with the 
irradiation time over as-prepared 3D multilayered and mesoporous 
Bi4O5Br2 nanoshells. The UV-vis absorption peak of RC solution nearly 
vanishes after 120 min lighting. For comparison, the removal 
performance of RC on the same amount of the BiOBr precursor 
nanosheets was also carried out, as shown in Fig. 4b, one can see that 
the UV-vis absorption spectra of RC solution is diminished very slowly. 
Fig. 4c displays the photodegradation efficiency as a function of the 
irradiation time. It can be found that the direct photolysis of RC could 
almost be neglected in the blank experiment without photocatalyst. 
While the degradation percentage of RC over the multilayered and 
mesoporous Bi4O5Br2 nanoshells is about 98.2% after 120 min light 
irradiation (red line), which is about ten times higher than that of 2D 
BiOBr nanosheets (ca. 9.8%, blue line). In addition, in order to test the 
stability of the as-obtained Bi4O5Br2 nanoshells, the sample was 
collected after a RC photodegradation experiment. As shown in Fig. 4d, 
the degradation efficiency of RC is still maintained nearly 90% after 
four cycles, which indicates that the Bi4O5Br2 has good chemical 
stability during the photocatalysis process. It is a fact that the as-
prepared 3D Bi4O5Br2 nanoshells exhibit the superior photocatalytic 
behavior, owing to not only the crystal and band structure, but also the 
ultrathin layered and shell/hollow feature. Especially, the shell nature is 
related to a more efficient light-harvesting due to multiple light 
reflections within the void space; Meanwhile, the ultrathin layered 
structure is offered to a shorter diffusion length of charge carriers, 
promoting the separation of the electron-hole pairs and inhibiting the 
recombination of charge carriers. And then the remarkable 
photocatalytic activity over the as-fabricated Bi4O5Br2 nanoshells is 
displayed via the primary active species (h+, •OH radicals and/or O•- 
anion) oxidized the organics into the small inorganic molecules based 
on the Bi4O5Br2 nanoparticles [14, 18, 21, 22], thus the suggested 
photocatalytic degradation mechanism of RC over Bi4O5Br2 nanoshells 
might be illustrated in Fig. 4e.  
 
4. Conclusion: In conclusion, novel 3D ultrathin layered Bi4O5Br2 
nanoshells have been fabricated by two-step process including 
precipitation reaction in the solution and subsequent calcination in air 
condition. The unique nanostructures were characterized in detail. The 
possible formation mechanism was introduced to be the ultrasound 
assisted anion exchange process and subsequent in situ oxidization 
reorganization process. Additionally, due to the 3D ultrathin layered and 
mesoporous nanostructures, the photocatalytic performance in the 
degradation of RC over Bi4O5Br2 nanoshells displayed superior 
efficiency over BiOBr nanosheets as well as other reported Bi4O5Br2 
nanoarchitectures. Moreover, the Bi4O5Br2 nanoshells exhibit good 
chemical stability and excellent photocatalytic properties during 
circulatory experiments. It is expected that 3D Bi4O5Br2 nanoshells 
would be advantageous to the practical application in photodegradation 
of organic pollutants for wastewater purification.   
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